The spatial resolution of atomic force microscopy (AFM) can be drastically increased by terminating the tip with a single carbon monoxide (CO) molecule. However, the CO molecule is not stiff, and lateral forces, such as those around the sides of molecules, distort images. This issue begs a larger question of how AFM can probe structures that are laterally weak. Lateral force microscopy (LFM) can probe lateral stiffnesses that are not accessible to normal-force AFM, resulting in higher spatial resolution. With LFM, we determined the torsional spring constant of a CO-terminated tip molecule to be 0.24 newtons per meter. This value is less than that of a surface molecule and an example of a system whose stiffness is a product not only of bonding partners but also local environment.
T rue atomic resolution was demonstrated for atomic force microscopy (AFM) more than 15 years ago, but only recently has it been possible to atomically engineer the tip apex (1-4), a technique pioneered in the scanning tunneling microscopy community (5, 6) . Tip termination with a carbon monoxide (CO) molecule has made studies of inter-and intramolecular bonding possible (7) (8) (9) (10) (11) . The CO-terminated tip itself, however, has proven to be difficult to characterize, despite experimental and theoretical approaches (12, 13) , in part because it is challenging to characterize lateral forces and stiffnesses with AFM. With any study of shortrange interactions, AFM requires that the longrange background interaction of the macroscopic tip and surface be subtracted (14) . Although a full three-dimensional (3D) data set can reconstruct the potential energy, lateral forces and stiffnesses are only accessible by taking a numerical derivative of experimentally determined energies (15) , which results in substantial noise in the data.
In lateral force microscopy (LFM), the tip is oscillated parallel to the surface (16, 17) , and the recorded frequency shift (Df ) is a direct measure of the lateral stiffness (18) . The subtraction of longrange contributions-which is necessary in normalforce AFM (in which the tip oscillates normal to the surface) in order to identify the short-range force components-is obsolete in LFM, rendering LFM particularly appealing for measurements in which the short-range interaction is the signal of interest (19) . We have used both normal-force AFM and LFM to characterize a CO-terminated tip and quantify parameters of a model incorporating torsional springs to account for the response of the CO molecules to lateral forces.
When the CO tip was first used to image pentacene, it was remarked that the image seemed to be distorted because of CO relaxation (7) . Further experiments showed that the relaxation of the CO molecule on the tip was an important part of the tip-surface interaction (13) . This relaxation is usually characterized as a torsional spring, with the CO bending around the metal atom to which it is bound (12) .
We used a CO-terminated tip to probe a single CO molecule on Cu(111). CO on Cu(111) has been wellstudied, and the system offers a high degree of symmetry. The asymmetry in a normal-force AFM image of a CO with a CO-terminated tip (Fig. 1A) is the result of the slight asymmetry of the tip with respect to the surface, amplified by the bending of both tip and surface CO molecules. Images collected at further distances [such as those shown in fig. S1 (20) ] do not show this degree of asymmetry.
We acquired a 3D data set by collecting constant-height, normal-force AFM images at various distances from the surface (21) . To isolate the short-range interaction, we subtracted the raw Df data from the Df signal above the bare copper surface (14) . The data were then deconvoluted and integrated twice along the z direction (where z denotes the distance to the surface) to yield the potential energy (21) (22) (23) . The potential energy map of the short-range interaction at closest approach is shown in Fig. 1B. A plot of the energy as a function of tip height above the surface CO molecule is given in Fig.  1C . Also included in Fig. 1C is a fit of the energydistance curve to a Morse potential (24)
The distance r describes the core-core distance between the two oxygen atoms. We comment on the equilibrium distance, s, later. The bond energy, E B = 8.4 meV, was determined by the energy minimum, and the decay length, l = 47 pm, was determined with a least-squares fit from the data further out from the equilibrium distance. For these longer distances, the interaction is attractive, and the molecules do not bend. At closer distances, we expect the repulsive interaction to lead to the CO molecules bending away from each other. We then used a lateral force sensor (17)-also with a CO-terminated tip-to probe a surface CO molecule. The mathematical description of the frequency shift and its relation to force remains the same: Interaction with the surface changes the frequency of oscillation proportional to the force gradient, k ts , along the direction of oscillation. The effect of the cantilever oscillation is that we measured a weighted average, <k ts >, over the cantilever's oscillation (25) . The frequency shift was directly proportional to <k ts >, via the spring constant of the cantilever, k, and its resonance frequency f 0 : Df = <k ts > f 0 /(2k).
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*Corresponding author. E-mail: jay.weymouth@ur.de The raw image of the CO molecule with LFM ( Fig. 2A ) revealed a circular shape with a highly localized depression in the middle. The high spatial resolution in this LFM image could not be reconstructed from data acquired with a normalforce AFM: Similar to the method used in (15), we can evaluate lateral stiffnesses via the potential energy from the normal-force AFM data ( Fig.  2A, inset) , but after the two numerical derivatives, the sharp localized depression is not reproduced. Although one solution to the noise caused by the derivatives would be to use a low-pass filter, this step would only decrease the spatial resolution. Thus, it was not feasible to reconstruct this sharp feature by using only normal-force AFM data.
We next acquired constant-height LFM slices above the CO molecule. A line scan through the image is shown in Fig. 2C at closest approach over the CO molecule in the direction of the tip oscillation. Because this line was in the same direction as the tip oscillation, it could be deconvoluted and integrated so as to yield lateral force in that direction. We repeated this process for several tipsample distances. The lateral force over the CO molecule is depicted in the colored graph in Fig.  2D as a function of both lateral and vertical position. As we expect from the normal-force AFM data, the lateral force shows attractive interaction as the CO molecules approach each other, then repulsive interaction closer than the equilibrium distance. Assuming that the CO bends to relax, we would expect CO bending for all positions except when the lateral forces are equal to zero.
We calculated the lateral and vertical position where the lateral forces are equal to zero. These zero crossings were fit to a circle, as shown in Fig.  2D . This result implies that there was a very weak angular dependence for the CO-CO interaction, which is another advantage of a CO-terminated tip. The zero crossings of the force are the locations of the energy minimum, and thus, the radius of the circle, 385 pm, is the equilibrium distance between the oxygen atoms, s. Absolute height determination is also a challenge in scanning-probe techniques. With the assumption that the interaction is not directionally dependent, s can be used to determine the absolute height of our tip above the surface CO molecule, as given in Fig. 2D .
We next attempted to determine the relaxation of the CO molecule experimentally. In order to make this problem tractable, we separated the total interaction into three components: (i) the interatomic interaction between the two oxygen atoms, (ii) the CO relaxation of the tip molecule, and (iii) the CO relaxation of the surface molecule. We propose the following model: ( i ) The interatomic interaction can be described by a Morse potential, which we have fully characterized with E B , l, and s.
(ii) The surface CO molecule responds as a torsional spring, with a torsional spring constant of k S = 150 zepto-Newton meter (zNm) and a moment arm of l CO = 302 pm (26) . (iii) The tip CO molecule relaxes as a torsional spring with an unknown spring constant k T but with the same moment arm l CO . The moment arm was determined by a theoretical study that determined the core-core distance of the copper surface atom to the carbon and oxygen atoms (26) . Helium scattering measurements have previously determined the energy of the frustrated translational mode to be 4 meV (27) . With the moment arm, these values can then be used to determine k S as described in (3) .
A schematic of the distances in the model is shown in Fig. 3A . At every position of the final tip atom that does not relax (x, z), the total energy of the system can be calculated as a function of the bending angle of the tip CO molecule q T and of the surface CO molecule q S
where r is the core-core distance between the oxygen atoms, which is a function of x, z, q T , and q S . For every tip position (x, z), we minimize the energy with respect to q T and q S , which thus yields the energy of the system at that position. We can differentiate this energy surface to yield the force and force gradient. The force gradient can then be convoluted with a semicircular weight function (to account for the cantilever motion) and multiplied by f 0 /(2k) to explicitly determine Df, which can be compared directly with our data. A spectrum of LFM data in red points (Fig.  3B ) was collected as a function of the vertical distance of the tip above the CO molecule. For a given value of k T , we can use the model to generate an equivalent spectrum. We varied k T for a least-squares fit to the data. The best fit, shown by a blue solid line in Fig. 3B , yielded a value of k T = 22 zNm. This value can be expressed as a linear spring constant k T = k T /(l CO ) 2 = 0.24 N/m. We can then simulate a full LFM image from this model (Fig. 2B) . The agreement is easier to appreciate comparing line scans (Fig. 2C ). Data and model output further from the surface ( fig.  S2 ) (20) www.sciencemag.org SCIENCE VOL 343 7 MARCH 2014 that this value is much lower than that of the surface CO molecule. This lower value is expected because the apex of the tip does not present a full surface to the CO molecule, but rather a fraction thereof. The following conclusion can be drawn: The CO on the surface is laterally much stiffer and therefore a better probe. To increase the lateral stiffness of the tip, the CO molecule should be picked up on a blunt metal tip.
The LFM images have a strong signal that is much more spatially confined than are the normalforce AFM images. Physically, the spatial resolution of frequency-modulation AFM is limited by the lateral extent of the force gradient. Especially in the case of a CO-terminated tip-in which lateral forces change rapidly over a sharp transition, such as encountering an adsorbate-LFM increases the spatial resolution. Magnetic reconnection is the primary process through which energy couples from the solar wind into Earth's magnetosphere and ionosphere. Conditions both in the incident solar wind and in the magnetosphere are important in determining the efficiency of this energy transfer. In particular, the cold, dense plasmaspheric plume can substantially impact the coupling in the dayside reconnection region. Using ground-based total electron content (TEC) maps and measurements from the THEMIS spacecraft, we investigated simultaneous ionosphere and magnetosphere observations of the plasmaspheric plume and its involvement in an unsteady magnetic reconnection process. The observations show the full circulation pattern of the plasmaspheric plume and validate the connection between signatures of variability in the dense plume and reconnection at the magnetopause as measured in situ and through TEC measurements in the ionosphere.
T he upward extension of cold, dense ionospheric plasma forms Earth's plasmasphere. The motion of the plasmaspheric particles is governed by two electric fields, resulting from corotation and convection motion. The first dominates close to Earth and enforces rotation of these particles with Earth. The second comes from solar wind-magnetosphere coupling, in response to the application of dawn-to-dusk solar wind electric fields to the magnetosphere and ionosphere. During geomagnetically quiet times, plasmaspheric particles on closed E × B drift shells maintain fairly steady populations. During disturbed times, the convection electric field increases, eroding the outer region of the plasmasphere into a drainage plume that extends sunward toward the dayside magnetopause (1, 2) and noontime cusp ionosphere (3).
The spatial and temporal evolution of the plasmasphere-ionosphere plume can be measured through observations of total electron content (TEC) from ground-based Global Positioning Satellite (GPS) receivers. Integrated electron content is obtained through monitoring the phase delay of radio signals received from GPS spacecraft in circular orbits at an altitude of 20,000 km. These ground-based observations allow us to monitor the large-scale morphology and extent of the plasmaspheric plume (4). The structure and development of a sunward-extending plume in the dusk sector, as seen in TEC measurements, has been confirmed through extreme ultraviolet (EUV) imaging with NASA's IMAGE spacecraft (3); however, the sensitivity of these measurements does not allow for detection of plumes with lower densities and with large radial distances close to the magnetopause. Although the extension of the plume to the outer Fig. 3 . Modeling the LFM process. (A) In our model, the final tip atom to which the CO is bound is set at (x, z). The tip CO molecule is allowed to relax by an angle q T , and the surface molecule is allowed to relax by an angle q S . (B) LFM data directly above the CO molecule as a function of vertical distance (z). Solid red points are experimental, and the blue curve is the calculated output.
